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INTRODUCTION
The use of pesticides (such as herbicides, insecticides, and fungicides) increases crop yields and is beneficial in controlling weeds and nuisance organisms, but pesticides can adversely affect the environment (Larson and others, 1997a) and human health. Many pesticides are soluble in water and may enter a surface-water body in a dissolved state. Other pesticides bind to soil particles and can be transported to surface-water bodies through soil erosion. Pesticides bound to soil particles can remain suspended in the water column or can become entrained in the bed sediment. The transport of pesticides from their application areas by water is recognized as a source of contamination, and elevated levels of pesticides in surface water can render the water unfit for human consumption. This report, prepared by the U.S. Geological Survey (USCS) in support of the U.S. Environmental Protection Agency's (USEPA) Mid-Atlantic Integrated Assessment (MAIA) program, describes the occurrence and distribution of pesticides in surface water in the Mid-Atlantic region on the basis of data in USCS data bases. Temporal variability, and the variability due to different hydrologic conditions, also are discussed. The presence of pesticides and their measured concentrations are shown to vary spatially, seasonally, and due to fluctuating hydrologic conditions. Previously published waterquality data from a large area of the MidAtlantic region were compiled and analyzed to document the occurrence and distribution of selected pesticides in surface water of the area. No new water samples were collected for this study. Of the 115 pesticides and 12 pesticide degradates' for which data were compiled for this study, 16 compounds were selected for additional discussion. Atrazine, metolachlor, simazine, prometon, alachlor, tebuthiuron, cyanazine, diazinon, carbaryl, chlorpyrifos, pendimethalin, 2,4-D, dieldrin, DCPA, metribuzin, and desethylatrazine (an atrazine degradate) were selected because each of these compounds was detected in at least 100 samples. The occurrence of selected pesticides in surface water is compared to established Federal standards for drinking water and aquatic health and to possible explanatory variables such as seasonality and streamflow. Major spatial gaps in surfacewater pesticide data collected by the USCS are identified, and limitations of currently available data for analyses of this type are discussed.
The USCS currently maintains a large data base on surface-water quality in the Mid-Atlantic region. Most of the data were collected as part of the National Water-Quality Assessment (NAWQA) program or of monitoring programs conducted by the USCS in cooperation with local. State, and other Federal agencies. Pesticide data for this report were compiled from the set of surface-water-quality data collected by or in cooperation with the USCS within the Mid-Atlantic region from October 1973 through March 1997. The Mid-Atlantic Integrated
Assessment Program
The MAIA program is an integrated environmental assessment program being conducted by the USEPA, Region 3, and USEPA's Office of Research and Development, in partnership with other Federal and State agencies. Objectives of the MAIA program are to build partnerships and get all stakeholders involved in helping to: (1) identify questions needed for assessing major ecological resource areas such as ground water, surface water, forests, estuaries, wetlands, and landscapes; (2) characterize the health of each resource area, based upon exposure and effect information; (3) identify possible associations with stressors, including landscape attributes, that may explain impaired conditions for both specific resources and the overall ecosystem; (4) target geographic areas and critical resources for protection and restoration; and (5) monitor environmental management progress. MAIA will use this multidisciplinary approach to provide complete data for making informed manage ment decisions based on good science, and serve as a demonstration of the integrated assessment framework for the Committee on Environmental and Natural Resources in the White House Office of Science and Technology.
The MAIA study area ( fig. 1 ) includes Federal Region 3 (Delaware, Maryland, Pennsylvania, Virginia, West Virginia, and the District of Columbia) as well as adjacent parts of major river basins in New Jersey, New York, and North Carolina. The region includes the entire watersheds of Albemarle Sound, Chesapeake Bay, Delaware Bay, and Pamlico Sound, as well as those of the Allegheny, Kanawha, and Monongahela Rivers, plus part of the Upper Tennessee River watershed. Land cover in the region for the period 1990 to 1994 was predominantly forested (69 percent), with smaller areas of row crops (16 percent), pasture or hay (9 percent), and urban development (3 percent; Vogelmann and others, 1997) . Urban centers include Baltimore, Md., Philadelphia, Pa., Pittsburgh, Pa., Richmond, Va., and Washington, D.C.
Background
Nationwide, in most agricultural areas, the highest levels of pesticides in surface water occur as seasonal pulses lasting from a few weeks to several months, even though generally less than 2 percent of the amount applied to agricultural land each year typically reaches the streams (Larson and others, 1997a) . Concentrations of pesticides in streams draining urban areas generally are lower than in agricultural areas, but seasonal pulses in streams draining urban areas last longer and are dominated more by insecticides (Larson and others, 1997a, b) . Approximately 1.1 billion pounds of synthetic organic pesticides are used annually in the United States to control a wide variety of organisms in both agricultural and nonagricultural settings. Agricultural uses of pesticides accounted for approximately 79 percent of the total pesticide use in 1995, up from 58 percent in 19fab (Asplin, 1994 (Asplin, , 1997 . Herbicide use, which has quadrupled from 1966 to 1991, now accounts for approximately 75 percent of the total agricultural use of pesticides (Larson and others, 1997a) . Insecticide use has declined slightly over the same period, and the use of organochlorine insecticides, such as toxaphene and DOT, has largely been replaced by organophosphorus and carbamale compounds, such as chlorpyrifos and carbaryl. Fungicide use has increased slightly, but represents only 6 percent of the total agricultural pesticide use. Relatively small amounts of data are available to document non-agricultural uses of pesticides; however, insecticides account for approximately 30 percent of the total pesticide sales in the professional applicator market (lawn care, tree care, and treatment of structures) and 75 percent of total pesticide sales in the consumer market. A comparison of the top 50 agricultural pesticides and the top 50 urban-use pesticides show an overlap of only 20 percent (Larson and others, 1997a) .
Within the Mid-Atlantic region, approximately 39 million pounds of pesticides are used annually in agricultural applications (Cianessi and Puffer, 1990; I992a, b) . Most of these pesticides are herbicides, with approximately 25 million pounds used annually; an additional 8.6 million pounds of insecticides and 5.1 million pounds of fungicides also are used in agricultural applications. Atrazine is the most widely applied herbicide (table 1); chlorpyrifos and chlorothalonil are the most widely used insecticide and fungicide, respectively. In terms of pounds of active ingredients, more pesticides are applied to corn than are used in any other agricultural application.
Most of the pesticides currently registered for use in the United States, such as atrazine and metolachlor, have been designed to be more soluble in water than older pesticides, such as DOT and chlordane. Although this increase in solubility reduces the accumulation of these pesticides in the environment, it increases the possibility of a large volume of pesticides being transported to surface-water bodies by runoff from rainfall. Also, the solubility of these pesticides means that they can be transported to ground-water systems, to be later discharged to surfacewater bodies as part of base flow.
Pesticides released into the environment can have adverse effects on ecological and human health. Many pesticides are known or suspected carcinogens and can be toxic to humans and aquatic species. Many of the known health effects, however, require exposure to concentrations higher than those typically found in the environment; the health effects of chronic, long-term exposure to low or trace concentrations of pesticides are generally unknown. Other concerns include synergistic effects of multiple pesticides as well as the processes of bioaccumulation, bioconcentration, and biomagnification, which entail the uptake and accumulation of chemical substances by organisms through the food chain.
Data Compilation and Analysis
Data to support a regional assessment of the spatial and temporal occurrence of selected pesticides in streams of the Mid-Atlantic region were compiled from the set of water-quality data collected in that area by the USCS or in cooperation with other agencies between October 1973 and March 1997; most of the data have been previously published. No additional water-quality data were collected as part of this study. Concentrations of pesticides or pesticide degradates have been measured in 2,545 different stream-water samples collected at varying frequencies at 463 sites. Most of these sites were sampled only once during the study period, but the Susquehanna River at Harrisburg, Pa., was sampled at least 181 times between 1973 and 1996. Of the 127 different pesticide compounds for which concentration data are available, only 11 were detected in more than half of the samples analyzed. Streamflow data were recorded during the collection of most samples. Streamflows were either measured directly or were estimated from water stage at USCS gaging stations. Drainage area and land-use data for watersheds were compiled, where available.
Problems in consistency and comparability arise when compiling data from multiple sources for regional synthesis. Water-quality data compiled for analyses cited in this report were collected at different times using various sampling designs and techniques, and thus do not represent a random, unbiased sampling of streams in the Mid-Atlantic region. Differences in analytical methods commonly yield different minimum reporting levels for the same compound (see discussion on Detection Levels and Data Censoring). Although sampling and analytical techniques have changed within the USCS since 1973, all available data were considered comparable. Unless otherwise indicated, measurements of "dissolved" and "total" concentrations of the same compound were considered comparable for the purpose of analyses for this report and all data cited are considered representative only of the time and location at which they were collected.
PESTICIDES IN SURFACE WATER IN THE MID-ATLANTIC REGION
Regional data on surface-water quality are available for a large part of the Mid-Atlantic region, but large spatial gaps in the data do exist. Pesticide data were collected between 1987 and 1997 by the NAWQA program within six study units in the Mid-Atlantic region the Albemarle-Pamlico Drainage, the Allegheny-Monongahela River Basins, the
Detection Levels and Data Censoring
Data censoring can significantly affect the level of information gained through interpretation of pesticide concentration data. An ideal analysis of water samples would reliably report the true concentration of every possible pesticide or metabolite present. This, however, is not feasible because of the large number of possible pesticides and metabolites, and limitations of analytical technology. Concentration data .ire censored when actual concentrations cannot be determined due to analytical or other limitations. Several common forms of censoring include: less than values; estimated values; and censoring due to sample interference. "Less than" values are reported when a pesticide compound either is not detected or is present at a level less than the method detection level (MDL), method reporting level (MRL), quantitation level (QL), or other lowerboundary detection level. Less than values do not indicate that the compound was not present, but only that it was not detected by that analysis. Estimated values are reported where the presence of the target compound is certain but the actual reported concentration is unreliable. Samplematrix interferences can cause censoring to occur at different levels for individual samples.
Methods for laboratory analyses of pesticide concentrations in water samples have improved significantly over time. The newer methods offer much lower levels of quantification for a greater number of pesticides and metabolites. For example, in the 1990's, the USCS National Water Quality Laboratory (NWQL) developed and implemented two new techniques for the analysis of many different compounds at low quantification levels. These methods offer a total of 83 different target compounds, with quantification levels ranging from 0.001 to 0.05 micrograms per liter (ng/L). In the early 1990's, analysts at George Mason University implemented additional measures to lower detection levels for a large number of compounds to assist in quantifying the amounts of pesticides reaching Chesapeake Bay (U.S. Environmental Protection Agency, 1996b). For some pesticides, these detection levels were as low as 0.000005 Hg/L. Improvements in lowering of detection levels can reveal a much clearer picture of the occurrence of pesticides in water. Example data from improved laboratory analyses are shown here for atrazine, the most commonly detected herbicide in surface wafers of the Mid-Atlantic region, and diazinon. the most commonly detected insecticide. In the late 1970's the detection level for most analyses for atrazine ranged from 0.03 to 0.1 ng/L. In the 1990's, the predominant analytical method for atrazine lowered the detection level to 0.001 ng/L, about 1 percent of the previous level. Mason University showed 7 of 84 samples with detectable concentrations of diazinon less than the 0.002 ng/L level. Improved detection levels for these and other compounds have shown that some infrequentlydetected compounds may be present in surface water at lower-than-detectable levels.
Interpretation of pesticide data with multiple censoring levels is difficult and, in some cases, can lead to spurious conclusions. In this report, summary statistics for each compound are calculated using all analytical data, regardless of detection levels. More detailed analyses comparing siteto-site variability, and variations with streamflow conditions were done using data analyzed with similar censoring levels. (Gilliom and others, 1995) . Additional pesticide data used in analyses for this report were collected as part of a USCS national waterquality network (Alexander and others, 1996) , regional studies (U.S. Environmental Protection Agency, 1994a; 1996b) and several other studies (Childress and Treece, 1996; R.D. Evaldi, U.S. Geological Survey, written commun., 1996) . Large spatial gaps in pesticide data compiled for this report include much of Pennsylvania and West Virginia, central and southern Virginia, western New Jersey, and southern New York (fig.  2) ; similar spatial gaps in ground-water pesticide data were noted in Ator and Ferrari (1997) . A large parl of the available data was collected during two periods, between 1975 and 1982 and between 1988 and 1996 (fig. 3 ).
Occurrence of pesticides
Pesticides and degradates are present in surface water throughout the sampled areas of the Mid-Atlantic region. Pesticides were detected in at least one sample at 422 of 463 surface-water sites in the Mid-Atlantic region (91 percent of sites). Of 2,545 surface-water samples for which pesticide analyses were compiled for this report, 1,900 samples (75 percent) contained detectable concentrations of at least 1 compound, and 236 samples (9 percent) contained detectable levels of 10 or more compounds. Of 127 pesticide and degradates for which samples have been analyzed, 89 compounds were detected in at least 1 sample (table  3) , and 16 compounds were detected in more than 100 samples (table 4) . Atrazine, an herbicide, was detected in the greatest number of samples (1, 489) at the most number of sites (348; fig. 4 ). Diazinon was the most commonly detected insecticide, with detections in 300 samples at 76 sites ( fig. 5) . Atrazine was detected throughout most of the sampled areas of the Mid-Atlantic region, whereas diazinon was generally found in urban areas.
Relation to established standards and criteria
Concentrations of pesticides and degradates in sampled surface-water areas of the Mid-Atlantic region are generally well below established water-quality standards and guidelines. Although the Maximum Contaminant Levels (MCL) and Health Advisories (HA) levels established by the USEPA (U.S. Environmental Protection Agency, 1996a) pertain to finished drinking water supplied by a community water supply, they do provide values with which ambient concentrations can be compared. Concentrations of atrazine were greater than the MCL of 3 (ig/L in 67 samples (3 percent), and concentrations of simazine, alachlor, and toxaphene were greater than the MCL's in 1 7, 13, and 1 sample, respectively ( laboratory method detection limit used for at least some of the samples was higher than the MCL. The concentration of only one pesticide in a single sample was greater than the HA level for children. Concentrations of four pesticides were greater than the adult HA levels, but for two of those compounds (atrazine and simazine), the adult HA level is the same as the MCL. The USEPA has established Ambienl Water-Quality Criteria for the Protection of Aquatic Organisms for 20 of the 127 pesticide compounds for which data were compiled for this report (table 6) . However, of the 20 most widely used pes- 
Water-quality standards aiuT guidelines
The USEPA has established water-quality standards and guidelines that indicate what concentrations of certain chemicals can have adverse effects on human health, aquatic organisms, or wildlife. Several of these standards and guidelines are referred to in this report and are defined below:
Maximum Contaminant Level (MCI) is defined as the maximum permissible level of a contaminant in water that is delivered to any user of a public water system serving a minimum of 25 people. Samples initially are collected quarterly and a running annual average is calculated to determine compliance (Code ot Federal Regulations, volume 40, Part 141.24). MCL's are enforceable standards and are established on the basis of health effects, treatment capability, monitoring availability, and costs. Those standards apply to finished (treated) drinking water and are used in this report solely for comparison.
Health Advisories (HA) are nonregulatory levels of contaminants in drinking water at which no adverse effects would be expected, and are used for guidance in the absence of regulatory limits. Health advisories have been issued for children and adults for several different exposure periods.
Longer-term health advisory (child)
is defined as the concentration of a chemical in drinking water that is not expected to cause any adverse effects up to approximately 7 years of exposure, with a margin of safety. These health advisories are calculated for a 10-kilogram (22-pound) child and assumes the consumption of 1 liter of water per day.
Lifetime health advisory is defined as the concentration of a chemical in drinking water that is not expected to cause any adverse effects over a lifetime of exposure, with a margin of safety. These health advisories are calculated for a 70-kilogram (154-pound) adult and assumes the consumption of 2 liters of water per day. Ambient Water-Quality Criteria for the Protection of Aquatic Organisms are nonenforceable guidelines for short-term (acute) and long-term (chronic) exposures to some pesticides. These guidelines provide the basis for state standards.
Freshwater acute criteria are concentrations at which 95 percent of a diverse group of genera would not be adversely affected based on an exposure time of 1 hour. If the 1-hour average concentration of a contaminant does not exceed the acute criteria more than once in a 3-year period, aquatic ecosystems should not be adversely affected.
Freshwater chronic criteria are the same as the acute criteria, except that the exposure period is 4 days.
More complete discussions of these standards and guidelines can be found in Nowell and Resek (1994) , Larson and others (1997a), and U.S. Environmental Protection Agency (1994b, 1996a) . Concentrations of six of these compounds were greater than the chronic criteria in multiple samples, including 14 sites at which this occurred within a 3-year period. However, reported concentrations above a criteria value, especially in a single sample, do not necessarily mean that aquatic organisms were or were not adversely affected. Aquatic life criteria are based on exposures over a specified period and actual exposure times cannot be determined from a single sample.
Temporal variability of selected pesticides
Repetitive sampling for pesticides at fixed sampling locations is necessary to characterize the occurrence and variability of pesticide concentrations in surface waters. Multiple samples collected over a period of at least 1 year allow for analysis of temporal and seasonal variability of pesticide concentrations and for analysis of pesticide concentrations under different flow conditions. More than one sample was collected at many of the surfacewater sites, and 20 or more samples were collected at 32 sites ( fig. 6, table 7) . Collection periods for samples at these 32 sites range from 18 months (Accotink Creek, site 17) to more than 23 years (Delaware River, site 1). These sites also represent a range of basin sizes (7.3 to 27,100 square miles), different land uses, and different lithologies.
The 16 pesticide compounds most commonly detected in the Mid-Atlantic region (table 4) are found in streams year round, but usually at relatively low concentrations. Concentrations of some compounds, however, especially the herbicides, tend to be highest in samples collected during the spring and summer. This is illustrated in figure 7 , which shows that the highest concentrations of atrazine tend to occur during May, June, and July; plots for most of the other herbicides are similar. Peak concentrations of the insecticides also tend to occur during these months, but tend to extend through September (fig. 7) . 
Spatial variability of selected pesticides
Land use within a watershed, and implicitly the types and amounts of pesticides used, provides the basis for spatial patterns observed in the Mid-Atlantic region. Sites within basins that have a high percentage of urban land, such as Accotink Creek (site 17), have different pesticide detection frequencies and median concentrations than sites within basins with a high percentage of agricultural land, such as Pequea Creek (site 11; (an herbicide) and diazinon (an insecticide) 
Hydrologic variability of selected pesticides
Some of the variability in pesticide concentrations in streams can be explained by examining streamflows during periods of pesticide application. During these periods, pesticide concentrations generally increase with increasing flow in streams of the Mid-Atlantic, although the reverse is true for atrazine in streams draining predominantly urban areas. Concentrations of the two most commonly detected herbicides (atrazine and metolachlor) and insecticides (diazinon and chlorpyrifos) in the Mid-Atlantic region were statistically correlated with streamflow during sample collection at each of the 32 most frequently sampled sites. Because the greatest variability in the concentrations of most pesticides in Mid-Atlantic streams occurred during the growing season, only herbicide data collected between May 1 and August 3 I, Table 7 . ) and insecticide data collected between April 1 and September 30, were used in these analyses. To ensure common minimum detection levels for each compound, data were further restricted to samples analyzed using a single laboratory method established for the NAWQA program. Correlations were statistically significant only for streams draining less than 55 square miles (table 8) , which are typically affected more dramatically by high-flow events than are larger streams. Similar relations between streamflow and pesticide concentrations may exist for larger streams, but no statistical correlation could be established on the basis of available data. Concentrations of several commonly detected pesticides generally increase during high-flow events in the growing season in small streams of the MidAtlantic region. Where significant correlations exist, atrazine, metolachlor, diazinon, and chlorpyrifos concentrations in small streams typically increase with increasing flow, although this is reversed for atrazine in streams draining predominantly urban watersheds (table 8) . During storms, runoff can wash large amounts of pesticides to streams, particularly during or shortly after periods of application. Storm runoff during these periods often contains pesticides at concentrations far exceeding that of streams at low flow, which are composed mostly of groundwater discharge. In Mill Creek (site 9), for example, high-flow concentrations of metolachlor are as much as 30 times that of low-flow concentrations ( fig. 9 ). Atrazine concentrations decrease during high-flow events in the growing season at Accotink Creek (site 17; fig.  10 ) and Cedar Run (site 6), which drain predominantly urban areas (table 8) . This dilution may indicate that storm runoff from urban areas contains less atrazine than streams during low flow. In humid areas such as the Mid-Atlantic region, ground-water discharge provides most of the flow to streams during dry periods.
Ground-water discharge to urban streams during the growing season may contain atrazine applied during previous seasons or years or in adjacent watersheds. Ground water typically flows much slower than water in streams and may flow across surface drainage divides (Greene, 1997) . Although urban pesticide uses are not well documented, atrazine is used mainly on row crops and likely in much smaller quantities in urban areas than other pesticides, particularly insecticides such as diazinon or chlorpyrifos, which increase in concentration during highflows at Accotink Creek and Cedar Run.
SUMMARY AND IMPLICATIONS
Pesticides were present in samples of surface water collected by the U.S. Geological Survey between October 1973 and March 1997 throughout the Mid-Atlantic region. Pesticide compounds were detected in about 75 percent of the samples collected and at more than 90 percent of the sites sampled. Atrazine and metolachlor, the most widely used agricultural pesticides in the Mid-Atlantic region, were the most commonly detected pesticide compounds, and were present in more than 70 percent of samples for which they were analyzed.
Concentrations of several pesticides were found to be greater than the Federal Maximum Contaminant Levels or Health Advisory levels for drinking water. Likely sources of pesticides to surface water in the Mid-Atlantic region include urban and agricultural practices.
Median concentrations of herbicides tend to be highest in basins where agriculture is the major land use, whereas median concentrations of insecticides tend to be highest in basins where the major land use is urban. Concentrations of herbicides and insecticides usually are highest during the spring and summer, the usual application period for pesticides used in agriculture, although many pesticides are present at low concentrations in surface water throughout the year.
During periods of pesticide application (typically spring and summer), the occurrence of selected pesticides in surface water in the Mid-Atlantic region is related to streamflow at selected sites. Correlations between concentrations of selected pesticides and streamflow are statistically significant during spring and summer for small (draining less than 55 square miles) streams. Concentrations of selected pesticides in small streams increase during high flows in the growing season, up to 30 times the concentrations present during low-flow conditions in the growing season. In small streams draining urban areas, concentrations of atrazine decrease during high-flow events, but concentrations of the insecticides diazinon and chlorpyrifos increase. This may be due to the differences in the pesticides used in agricultural and urban areas and the amounts applied.
A more thorough understanding of pesticides in surface water of the MidAtlantic region would require further study. Spatial gaps in existing regional data include much of Pennsylvania, Virginia, West Virginia, and southern New York and western New Jersey. Future sampling is planned in some of these areas. Long-term sampling for pesticides in surface water at additional urban sites would be necessary to allow statistical comparisons of pesticide concentrations in surface water from basins with different land uses. A random sampling of surface water from basins throughout the region would have consistent detection levels and therefore provide more statistical power for comparisons of water quality and possibly allow for the statistical analysis of explanatory variables such as land use and rock type. More complete information on drainage basin delineation also would be needed to determine land use and lithology within the basins.
